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ABSTRACT: PV modules rely on their encapsulation to provide durability. The pottant is predominantly ethylene 
vinyl acetate (EVA). It is protected by foils and glass to minimise encapsulant related degradations such as 
delamination, decomposition and corrosion. Types of EVA and/or backsheet will influence overall durability, as has 
been reported frequently. The lamination process as well as material handling also contributes to overall durability, 
but the impact is not always obvious. This paper investigates the effect of lamination temperature on encapsulation 
quality and its impact on module durability in accelerated ageing tests. A series of laminations is carried out at 
different conditions within the typical window suggested by the manufacturer as well as slightly off specifications as 
could occur due to insufficient temperature control.  The samples were exposed to prolonged standard ageing tests for 
up to 7000 hours. Use of subtractive electroluminescence (EL) images demonstrates a minimum of two different 
ageing mechanisms are active at different time constants and of different activation energies (Ea). 
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1 INTRODUCTION 
 
PV modules rely on their packaging to provide 
durability. The outer layers minimise encapsulant related 
degradations such as delamination, encapsulant 
decomposition (hydrolysis) and interconnect and cell 
surface corrosion [1-5]. Typical c-Si PV modules, 
consists of a number of interconnected solar cells 
encapsulated into two layers of EVA, and then 
sandwiched between a front glass layer and a back 
polymeric sheet. Different types of EVA and/or 
backsheet will influence overall durability and has been 
reported frequently. The lamination process itself can 
also contribute to durability issues, but the impact is 
much less clear at the moment. Typically, modules are 
laminated with a flat-bed laminator where the lamination 
conditions, i.e. lamination temperature, pressure and 
duration, need to be controlled carefully to ensure good 
encapsulation quality. Variation in any of the factors may 
lead to changes in chemical reaction rates and alterations 
of phase transition of polymers. This will then influence 
the chemical, mechanical, and optical properties of the 
encapsulation materials and thus affect the performance 
of PV modules [6,7].  
This work investigates the influence of curing 
temperature on lamination quality of mini-modules 
produced in-house and its impacts on module durability 
due to extended damp-heat (DH) test for up to 7000 
hours. All materials used for the laminated mini-modules 
are commercially available in the PV market. Lamination 
temperature was set between 125ºC and 155ºC in order to 
obtain samples with optimal and sub-optimal lamination 
qualities which may have different impacts on module 
durability. The quality of lamination was characterised by 
gel content measurements, adhesion measured at 
glass/EVA and EVA/backsheet interfaces. The electrical 
performance and device durability was characterised by 
I-V measurement and EL images that were taken 
periodically during the course of the DH test. The DH 
test is designed to drive humidity into the package. 
Moisture may cause hydrolysis and acidification of EVA 
and ultimately corrode busbars, fingers and cell surface 
[8-10]. The curing temperature in the lamination process 
influences the EVA crosslinking as well as the stability of 
the materials. According to the preliminary result, a 
safety temperature margin was observed, where samples 
laminated within this margin appeared to have better 
encapsulation quality and electrical durability due to the 
DH test for up to 3000 hours. The extended test, 
however, has led to alterations in the optimum lamination 
temperature which indicates more than one mechanism 
occurred during the ageing process. 
 
 
2 EXPERIMENTAL SETUP 
 
2.1 Sample preparation 
The structure and specifications of the laminated 
single cell mini-module used in this work is shown in 
Figure 1. It contains a glass front layer (2.9mm thick low 
iron float, un-tempered glass), two layers of encapsulant 
(460µm thick ultra-fast cure EVA) and a backsheet layer 
(tri-layer insulating polymer consisting PET/PET/primer 
layer). A 1.8W multi crystalline Si cell is laminated in 
between the two EVA layers. Lamination temperatures 
were set to different levels at 125ºC, 135ºC, 145ºC, 
150ºC and 155ºC, while the curing time is fixed at 7 
minutes (These samples are referred to in the following 
as L125, L135, L145, L150 and L155, respectively). This 
is in order to obtain samples with optimal and sub-
optimal lamination qualities which may have different 
impacts on module durability. Laminator was pre-heated 
to 120ºC before placing samples on the flat bed. Vacuum 
time is 5 minutes and followed by 7 minutes curing under 
1000mBar. Samples were taken out immediately after 
curing and left to cool in ambient environment. The 
lamination and pressure profiles are depicted in Figure 2. 
At each lamination condition, four samples were 
produced for DH testing. No aluminium frame but a large 
distance left to the boundaries of the module, so that edge 
diffusion should not change the experiment unduly. 
 
2.2 Accelerated ageing test and measurements 
The durability of these mini-modules was examined 
using damp-heat tests at 85oC and 85% relative humidity 
(RH) in an environmental chamber (see Figure 3) for a 
total exposure up to 7000 hours. It might not be realistic 
for PV modules to experience 7000 hours DH equivalent 
stress in the field, but this overstressing allows an 
investigation of the underlying degradation mechanisms. 
 
 
 
Figure 1: Specifications of the mc-Si mini-module 
laminated at CREST. 
 
 
Figure 2: Lamination temperature and pressure profile. 
 
The prolonged DH test is designed to drive humidity 
into samples from module perimeter and/or backsheet. 
The moisture will cause hydrolysis of silicon-oxygen 
covalent bonds formed between glass and silane coupling 
agents added in EVA, which in turn leads to reduced 
adhesion strength at the interface of EVA and glass. At 
the EVA-backsheet interface, moisture will weaken the 
adhesion strength because of the high permittivity. Once 
the moisture inside the module permeates into EVA it 
may form acetic acid which will attack the electric 
circuitry or, in the saturated case, free water may corrode 
cells. This will cause power reduction due to losses of 
passivation, electrochemical corrosion and ultimately 
module failure.  
Measurements of gel content were taken for EVA 
laminated under different temperatures by the solvent 
extraction method as shown in Figure 4a. Interfacial 
adhesion between glass and EVA was measured by the 
90° peel strength test (Figure 4b) [11], while the adhesion 
between EVA and backsheet was characterised by the 
180° peel strength test (T-peel) [12] with 
backsheet/EVA/backsheet samples laminated at the same 
condition as described in the previous section. Apart from 
the chemical and mechanical properties, I-V 
characteristics was measured indoors using the Pasan IIIb 
solar simulator at the standard testing condition (STC) 
and electroluminescence (EL) image was taken with the 
inject current equals device’s short circuit current (ISC). 
 
 
Figure 3: Testing samples in an environmental chamber. 
 
 
  
(a)     (b) 
Figure 4: a) Solvent extraction for gel content; b) 90° 
peel strength test for adhesion at glass/EVA interface. 
 
 
3 EFFECTS OF LAMINATION TEMPERATURE ON 
DEVICES BEFORE AGEING 
 
The lamination temperature has significant impacts 
on the curing of EVA. The curing rate of EVA increases 
with the increasing temperature. If the temperature is too 
high, curing may occur too quickly without completely 
removing the gases within the module structure and the 
gases generated during crosslinking. If the temperature is 
too low, curing rate may become too slow and cannot 
achieve a good curing state during lamination. Optimum 
curing temperature ensures good crosslinking of EVA, 
which has better resistivity to moisture ingress. The 
crosslinking also converts a thermoplastic material into a 
network format thermosetting material so that the 
material will not flow under heat. The optimum 
temperature margin was observed for the EVA used in 
this work, where higher or lower temperatures outside 
this production recipe may deteriorate module 
performance. Figure 5 plots the dependencies of gel 
content on lamination temperature. The gel content for 
L125 samples is 65%, while the samples laminated with 
temperature above 135°C exhibited gel content greater 
than 84% which indicates good crosslinking and no 
significant creeping effect would be expected for these 
samples at elevated temperature [13].  
Curing temperature may also affect the adhesions at 
different interfaces directly or indirectly. The adhesion at 
the EVA/backsheet interface is influenced by the primer 
or coupling agents added at the inner side of the 
backsheet. This is to enhance the adhesion by either 
forming chemical bonds or increasing physical 
adsorption. The inner side of the backsheet is often in the 
form of EVA. At the interface the molecules of the two 
EVA layers can diffuse into each other to form the 
adhesion and this diffusion process is significantly 
influenced by the curing temperature [7]. The adhesion at 
the glass and EVA interface is mainly determined by 
thermal-activated promoters. The promoters are normally 
in the form of silane coupling agents, which are used to 
enhance adhesion by forming silicon-oxygen covalent 
bonds. The measured adhesions at glass/EVA and 
EVA/backsheet interfaces are plotted in Figure 5 in 
relative values to the adhesions of L145 samples against 
lamination temperature. At the EVA and backsheet 
interface, the adhesion increases with increasing 
temperature significantly due to the state of EVA mutual 
diffusion, whereas at the glass and EVA interface, the 
adhesion drops dramatically when temperature is higher 
than 150°C. This might be due to the material instability 
at higher temperatures. Based on the result in Figure 5, 
the optimum lamination temperature for chemical and 
mechanical properties is around 135-145°C. 
 
 
Figure 5: Initial gel content, adhesions at glass/EVA and 
EVA/backsheet interfaces of the laminated samples in 
dependence of lamination temperature. 
 
 
Figure 6: Device initial PMPP and ISC in dependence of 
lamination temperature. 
 
All the laminated samples were subjected to I-V 
measurements before undergoing the ageing test. Figure 
6 plots the measured maximum power (PMPP) and short-
circuit current (ISC) for each of the samples against the 
lamination temperature. Polynomial fitting is applied to 
the power and current measurements, respectively, as 
shown with the dashed lines in the figure. Though there 
were sample variations due to differences in materials 
and lamination uncertainties, the overall optimum 
temperature that was around 145°C can be identified. 
This is mainly due to the optimum optical property of 
EVA, i.e. light transmission.  
 
 
4 EFFECTS OF LAMINATION TEMPERATURE ON 
DEVICE DURABILITY 
 
The sample degradations due to DH stresses are 
reported in this section and their dependencies on 
lamination temperature are discussed. 
 
4.1 Visual inspection 
Visual inspection saw all samples suffering from the 
same type of degradation mode, i.e. corrosion of busbars, 
fingers and cell surface, yellowing of EVA, and cracks on 
backsheet and delamination of the outer layer of 
backsheet. These are typical DH-induced degradations. 
 
  
Figure 7: Front and back sides of a heavily degraded 
mini-module after 6000 hours.  
 
4.2 Performance degradation against time 
 
Device I-V characteristics were measured every 1000 
hours ageing. The performance parameters including 
PMPP, ISC, VOC and FF are obtained from the I-V curves. 
Their progression is plotted against ageing time for each 
of the tested samples in Figure 8.  
All samples showed little degradation after the first 
2000 hours ageing. L135-L155 samples showed minor 
degradation in PMPP until 4000 hours, while L125 
samples showed early degradation after 2000 hours. VOC 
did not show obvious degradation. Analyzing the PMPP 
and FF results, the degradation in PMPP is directly driven 
by the decreasing FF for all devices. The FF degradation 
for some samples appeared to stabilize after 6000 hours. 
The PMPP degradation, however, does not appear to slow 
down but seems to be driven by degradation in ISC which 
occurred after 5000 hours. The two ageing modes will be 
further investigated by EL images in the next section.  
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 8: Degradation of a) PMPP, b) ISC, c) VOC and d) FF 
for each of the tested samples over time. 
 
4.3 Average degradation in dependence of lamination 
temperature 
 
As four samples were laminated at each curing 
temperature, the average degradation rates in dependence 
of lamination temperature are investigated in this section. 
This may give a statistical judgement on the influences of 
lamination temperature on device durability. Since the 
VOC showed minor changes during the 7000 hours test, 
the degradations of PMPP, ISC and FF only are further 
investigated here.  
Figure 9 plots the averaged degradation rates in 
dependence of the lamination temperature. The same 
safety temperature margin as seen for the unaged samples 
is observed for the samples aged up to 3000 hours. This 
means that 145°C is the optimum lamination temperature 
for this type of mini-module in terms of device durability 
due to DH stresses. Higher or lower lamination 
temperatures led to larger degradation averagely. 
However, it is observed in figure 9 that after 5000 hours, 
the L145 samples had the largest average degradation, 
whereas the L125 and L155 samples experienced the 
least degradation. The change of the PMPP degradation 
rates for these samples were mainly due to the change in 
FF ageing rates and the contribution of ISC degradation, 
where L135-L150 samples appeared to be influenced 
significantly. This indicates that the activation energy 
(Ea) for the DH ageing altered during the course of 
ageing process, where the Ea calculated for the first 3000 
hours of DH ageing cannot be used for the ageing 
behaviour for the extended stage.  
 
 
(a) 
 
(b) 
 
(c) 
Figure 9: Averaged degradation of a) PMPP, b) ISC and c) 
FF in dependence of lamination temperature over 7000 
hours.  
 
4.4 EL images over time 
The change of the degradation modes discussed in the 
previous section can be verified by the analysis of EL 
images taken during the course of ageing. The subtractive 
EL images are created by normalising the signals of each 
of the images, aligning the images ‘perfectly’ using the 
software described in [14].  A pixel by pixel subtraction 
is then carried out to identify localised changes. This is 
called as EL image subtraction and can be referred as: 
 
 
 
where EL@3000hrs and EL@0hr are two conventional 
EL images taken after 3000 hours ageing and at initial 
stage, and EL@3000hrs - EL@0hr represents the 
difference in those two images mentioned above.  
Figure 10 shows the EL image subtraction for one 
L145 (a and b) and one L125 sample (c and d). Figure 
10a and 10c show the EL@3000hrs - EL@0hr, where the 
degradation around busbars can be observed. At this 
stage, the L145 sample showed less degradation than the 
L125 sample. Figure 10c and 10d show the EL@6000hrs 
- EL@0hr, where the degradation expanded to almost the 
entire cell surface. On the contrary, the L145 sample had 
more degraded cell area than the L125 sample did at this 
stage. 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 10: EL image subtraction, a) EL@3000hrs – 
EL@0h and b) EL@6000hrs – EL@0h for one L145 
sample, c) EL@3000hrs – EL@0h and b) EL@6000hrs – 
EL@0h for one L125 sample. 
 
 
8 CONCLUSIONS 
 
An extended DH test was carried out for 20 mini-
modules that were laminated under different curing 
temperatures between 125°C and 155°C. The L135-145 
samples appeared to achieve the optimum chemical, 
mechanical and electrical properties for this type of EVA 
before and during the first 3000 hours DH ageing. The 
optimised L145 samples, however, showed the most 
severe corrosion after the extended DH test.  
Lower temperature causes worse crosslinking in EVA 
that may be vulnerable to hydrolysis and oxidation, while 
higher temperature leads to weaker interfacial adhesion 
and potentially brittle material and bubble formation. 
These effects influence the sample performance more 
significantly during the initial stage causing corrosion 
around busbars. The Ea for the degradation mode is 
typically driven by the water diffusion rate, where L145 
performed the best. 
Once the water content and generated acetic acid 
saturates in EVA (after 5000 hours DH test for this type 
of mini-modules), corrosion expands to cell surface 
leading to rapid degradation in FF/ISC, where the Ea 
seems to be mainly determined by the corrosion reaction 
rate rather than the water diffusion rate. 
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